A fast and fully automatic procedure for collecting electron diffraction tomography data is presented. In the case of a very stable goniometer it is demonstrated how, by variation of the tilting speed and the CCD detector parameters, it is possible to obtain fully automatic precession-assisted electron diffraction tomography data collections, rotation electron diffraction tomography data collections or new integrated electron diffraction tomography data collections, in which the missing wedge of the reciprocal space between the patterns is recorded by longer exposures during the crystal tilt. It is shown how automatic data collection of limited tilt range can be used to determine the unitcell parameters, while data of larger tilt range are suitable to solve the crystal structure ab initio with direct methods. The crystal structure of monoclinic MgMoO 4 has been solved in this way as a test structure. In the case where the goniometer is not stable enough to guarantee a steady position of the crystal over large tilt ranges, an automatic method for tracking the crystal during continuous rotation of the sample is proposed.
Introduction
The advent of electron diffraction tomography (EDT) (Kolb et al., 2007 (Kolb et al., , 2008 Mugnaioli et al., 2009 ) on the electron crystallography scene has completely changed the expectation of success in structure solution using electron diffraction data.
Prior to EDT development, the best electron diffraction data could be collected by merging intensities from single zone axis patterns in which the dynamical scattering was reduced by recording the pattern in precession mode (Vincent & Midgley, 1994) . In zone axis precession electron diffraction (PED) the beam is precessed on a cone surface with the vertex on the sample plane. During the beam movement the crystal is off a perfect zone axis orientation, and therefore the number of reflections close to the Ewald sphere is reduced. This produces a significant decrease of the dynamical scattering (Sinkler et al., 2007; Ciston et al., 2008; White et al., 2010) , leading to quasi-kinematical intensities, and allows one to find appropriate scaling factors using common reflections between the data sets collected in different zone axes. The resulting threedimensional sets of intensities are suitable for structure solution via direct methods or other structure solution methods that treat data as completely kinematical (Gemmi & Nicolopoulos, 2007; . Although several unknown structures have been solved by applying zone axis PED (Gjønnes et al., 1998; Gemmi et al., 2003 Gemmi et al., , 2010 Kverneland et al., 2006; Boullay et al., 2009; Hadermann et al., 2010 Hadermann et al., , 2011 , this method is affected by two mains drawbacks that limit the chance of success in structure solution: (i) residual dynamical effects, which are zone axis dependent, make the merging between patterns a critical step;
(ii) the coverage of reciprocal space is limited unless a very large number of zone axis patterns are collected, a quite timeconsuming procedure, especially for low-symmetry crystal structures.
EDT follows a completely different approach. Instead of collecting oriented zone axis patterns the reciprocal space is explored in a continuous way by collecting patterns while the crystal is rotated around an axis (usually the goniometric axis) in small steps (Á) for a certain angular range (). Depending on the goniometer stability, during the rotation the crystal can move and must be shifted back under the electron beam before the next diffraction pattern acquisition. The entire procedure is composed then by three main steps: collect the pattern, tilt the crystal and correct for the drift by positioning the crystal back in its original position. There is not a unique way of realizing this and different EDT methods have arisen. Each EDT method has to deal with two main issues: the missing wedge between the patterns ( Fig. 1) should be minimized or recovered in some way, and the entire operation should be carried out by the operator in a reasonable time. The way in which the former has been addressed gave rise to two main EDT methods: precession-assisted EDT and rotation EDT.
Precession-assisted EDT
Precession-assisted EDT (PEDT) was the pioneering successful EDT method for structure solution that appeared in the literature (Mugnaioli et al., 2009) . The missing wedge is recovered by data acquisition in precession mode with an aperture semi-angle of the precession cone comparable or equal to Á. The conical beam movement allows the Ewald sphere to sweep the missing wedge and to integrate the reflection intensities over the excitation error. Thanks to the integration of reciprocal space through precession, data of an appropriate quality may be recorded with Á = 1 , which keeps the total number of patterns at around 100 (tilt range AE50
) for a suitable coverage: a number that can be easily collected manually.
The acquisition phase can be carried out in nano-diffraction mode, as in the original version, or in selected area diffraction (SAED) mode Gemmi et al., 2012) . The drift correction can be performed either manually in transmission electron microscopy (TEM) or scanning TEM (STEM) image mode or automatically by a cross correlation routine that recognizes the crystal movement in a STEM image and shifts the beam back into its original position (Kolb et al., 2007) .
Rotation EDT
Rotation EDT (REDT) solves the problem of the missing wedge by minimizing Á (Zhang et al., 2010; Wan et al., 2013) . The crystal tilt procedure is performed in two steps: large mechanical tilt steps of 2 or more and fine steps of 0.1 or less, carried out by tilting the beam with the beam-deflecting coils. The beam tilts are used to refine the sampling of the reciprocal space between the large mechanical tilts and are driven automatically by a computer. The total number of collected patterns ranges from several hundreds to a few thousand. The acquisition phase can be performed, like PEDT, both in nanodiffraction and in SAED mode. The drift correction between the mechanical tilt steps is performed manually, while during the electrical tilt a proper alignment of the microscope avoids any crystal movement.
EDT versus zone axis PED
EDT compared to zone axis PED has several advantages. It does not suffer from rescaling problems of the reflection intensities since all the patterns are collected on the same crystals under constant illumination conditions. The reciprocal space coverage is more complete. Most importantly, the quasikinematical character of the scattering is obtained by a random orientation of the patterns, which most of the time are far from a high-symmetry zone axis where dynamical effects are higher, and by an integration of all reflections over the excitation error. In this way any reflection will always pass through a real Bragg condition, avoiding wrong intensity estimations due to misorientation effects.
For all these reasons EDT has received a lot of interest from the community involved in structure resolution and may almost be considered as a routine technique. The structures solved with PEDT cover different areas of crystallography: inorganic chemistry , mesoporous materials (Jiang et al., 2011; Mugnaioli & Kolb, 2013) , metalorganic frameworks (Feyand et al., 2012) , modulated structures , new minerals (Rozhdestvenskaya et al., 2010; Gemmi et al., 2012; Capitani et al., 2014; Plá šil et al., 2014) and biomineralization , to name only a small selection of all publications. Although REDT is more recent, it seems to be as promising as PEDT. It has been applied to the study of nanorods , nanowires , covalent organic frameworks (Zhang et al., 2013) , mesoporous materials (Willhammar et al., 2014) , quasicrystal approximants (Singh et al., 2014) and molecular sieves (Sun et al., 2014) .
The application of EDT methods to the study of very beamsensitive materials remains a major challenge for the electron crystallography community. The semiautomatic STEM routine for crystal tracking developed by U. Kolb's group in Mainz has reduced dramatically the electron dose on the sample, leading to valuable results on hybrid organic-inorganic materials (Denysenko et al., 2011; Feyand et al., 2012; Bellussi et al., 2012) , mesoporous materials (Mugnaioli & Kolb, 2013) and organic compounds that were easily amorphized by standard electron diffraction methods. However, an alternative improved procedure towards the study of extremely sensitive compounds of high interest, like organics and pharmaceutical agents, is yet to be developed.
Thus, we propose here an alternative fast and fully automated data acquisition EDT procedure that overcomes the time-consuming crystal relocation step, leading to a dramatic reduction of the entire data collection time to a few minutes: 10-20 times faster than conventional EDT on the same microscope, which requires 40-90 min for full data set acquisition. In this way the crystal under study is exposed to the electron beam as little as possible. This improved procedure is of a crucial step forward towards the analysis of extremely sensitive materials.
Experimental
Electron diffraction patterns were collected on a Zeiss Libra 120 operating at 120 kV and equipped with an in-column omega filter. The patterns are collected in Kö hler illumination and the diffracting area is selected through the condenser aperture. All the patterns are filtered on the zero loss peak with a slit width of 20 eV (Gemmi & Oleynikov, 2013) . The recording device is a TRS full frame 16 bit 2k Â 2k CCD.
The microscope is equipped with a Nanomegas Digistar P1000 device for precession electron diffraction and an ASTAR system for texture analysis and phase mapping. ASTAR consists of hardware, embedded in Digistar, that can scan the beam over a predetermined area with user-defined step size, while an external fast camera (Stingray, 8 bit CCD with a maximum frame rate of 180 frames per second) is focused on the fluorescent screen to collect the corresponding diffraction patterns by recording an image sequence of the fluorescent screen (Portillo et al., 2010) . In standard ASTAR applications, the speed of the Stingray CCD detector allows the collection of several thousands of patterns in less than 30 min, covering an area of a few mm 2 with a nanometric resolution. The set of collected patterns is further indexed through image correlation with a collection of simulated patterns, called templates, of the crystalline phases that are expected to be found in the thin foil. The final results are orientation and phase maps of the investigated area with nanometric resolution. In this work ASTAR has been used in an unconventional and innovative way. A set of consecutive diffraction patterns collected by the Stingray CCD while the crystal was rotating has been indexed to check the stability of the tilt speed over large angular range. The programmable scanning area has been exploited to move the beam along a line for tracking the crystal movement during the specimen holder tilt.
All the analyzed samples were prepared by dispersing the crystals in 2-propanol after mild grinding on an agate mortar. A drop of the dispersion was put on a carbon-coated copper grid.
Data analysis of the recorded patterns was performed with the software PETS (Palatinus, 2011) and Jana2006 (Petříček et al., 2014) . The three-dimensional reconstructions of the reciprocal space were visualized using the software VESTA (Momma & Izumi, 2011) .
Results
A stepwise procedure, in which the crystal is tilted in steps and recentered after every acquisition, limits the speed and exposes the crystal to a larger dose, since it requires the collection of an image after each pattern acquisition. Conversely, a sequential acquisition of the patterns during continuous sample tilting by the TEM goniometer, without any intermittent stop for drift corrections, would speed up the entire procedure and decrease the illumination time of the crystal. This requires, among others, optimized synchronization of the detector, the goniometer tilting speed and the potential crystal movement during tilting. Those parameters are described in detail in the next sections. A short data collection type for unit-cell parameter determination (x3.2) and a longer data collection type for crystal structure determination (x3.3) are outlined. In all cases, except the one described in x3.4 below, the crystal did not move away from the beam during tilting under the used experimental conditions, and crystal tracking was avoided. In the last acquisition procedure (x3.4), a novel technique is proposed in order to track the crystal when it shifts out of the beam during the continuous tilting.
Fast diffraction tomography setup
In order to collect the patterns while the crystal is rotating the detector should record and save images in a continuous way. This can be done by programming with the software controlling the CCD (in our case the iTEM software; Olympus Soft Imaging Solutions GmbH, Mü nster, Germany) an acquisition of an image series in which the CCD camera acquires and saves a certain number of patterns one after the other (in iTEM called image series mode), while the goniometer tilts the sample continuously at a constant angular speed ! rot . The total time between two consecutive acquisitions is the sum of the exposure time t exp plus the readout and saving time t dead . The angular step of the data collection is given by Á = ! rot (t exp + t dead ), which is the sum of Á exp = ! rot t exp , the angular range collected by the detector during the exposure time, and Á dead = ! rot t dead , the angular range missed by the detector during the readout and saving time.
It is worth noting that, if it is possible to follow the crystal during the tilt, and the detector is able to collect patterns by varying Á exp , Á dead in a range going from 0.1 to 1 , a fully automatic REDT can be transformed into a fully automatic PEDT data collection mode just by changing some detector research papers 720 Mauro Gemmi et al. Fast electron diffraction tomography parameters. If both Á exp and Á dead are of the order of a few tenths of a degree, the data collection resembles a REDT data collection, in which the fine sampling of the reciprocal space allowed by the small electrical beam tilts is replaced by a continuous recording of patterns with short exposure times while the crystal is rotated. Although the design is different from the original REDT method, the final data set shows a similar coverage of reciprocal space. Therefore in the following the REDT acronym has been kept for indicating this data acquisition type. A PEDT data collection type can be obtained instead if 0.1 $ Á exp < Á dead $ 1 (where $ stands for in the range of) and the patterns are acquired in precession mode. In this case the precession movement fills the gap left by the large Á dead , which should be close to the aperture semi-angle of the precession cone to avoid oversampling of the reciprocal space. Moreover, by varying the tilting speed and the exposure time, new data collection types can be tested. For example, if Á dead is small, e.g. 0.1 , and Á exp larger, e.g. Á exp > 0.5 , the extended exposure time can be used to cover the missing wedge instead of using precession: a data collection that can be named integrated EDT (IEDT). For clarity the (Á exp , Á dead ) parameter space, in which the areas corresponding to the different data collection types have been highlighted, is reported in Fig. 2 .
In the Zeiss Libra 120 used for the examples reported here, the tilt speed can be directly controlled through the software managing the instrument, and it can be increased from a minimum value of ! rot = 0.28 s À1 in steps of 0.06 s À1 to a maximum of 5.7 s
À1
. The minimum tilt speed guarantees the best stage stability, avoiding sudden jumps or nonreproducible movements of the goniometer. Therefore, during most of the experiments the speed has been kept fixed to this value. To change the data collection type the t dead value was varied by binning the CCD (binning speeds up the reading time) and by changing the acquisition mode from the standard one (normal speed, hereafter denoted as NS) to a high-speed mode (hereafter denoted as HS) in which the CCD camera is read faster but with a lower signal-to-noise ratio.
In Table 1 we report Á dead and Á for three different binnings of the CCD camera, in normal and high-speed mode and for two frequently used exposure times (and consequently Á exp ), the tilt speed being kept to the minimum. As can be seen it is possible to pass from a PEDT acquisition type using the full 2k Â 2k CCD frames and an exposure time of 1 s to a REDT type by binning 4 (512 Â 512) CCD frames in NS or HS mode with an exposure time of 0.2 s. In all cases using an exposure time of 1 s or less Á exp is small, since it is less than 0.3
. To obtain an IEDT acquisition, the exposure time must be increased to several seconds (3-4 s at least), being careful to avoid CCD saturation. Although the procedure was optimized for the Libra 120 microscope, the tilt speed and the CCD parameters used are quite standard. The possibility to control the tilt speed, although quite uncommon, is available in some other microscopes like JEOL 2010 and JEOL 2100. In most of the CCDs now on the market, binning can be used to speed up the readout, and the fastest CCD speed employed here (1 frame per second) is slow compared to those available in last generation CCDs. Thus the method can be exported in other instruments.
Short data collection for unit-cell determination
To apply the automatic data collection method described above, the goniometer must be stable enough to prevent significant drifts for large tilt intervals when the sample is positioned at the correct eucentric height. We expect that the maximum tilt range with acceptable crystal shifts is not only microscope dependent but also sample-holder dependent. Unfortunately in our instrument the maximum tilt range for which the crystal has a movement of less than 500 nm (which in the Zeiss Libra 120 corresponds to the area illuminated by a 20 mm condenser aperture) under any experimental conditions and with any sample holder employed is around 40 . This means that in general with such a limited angular range the reciprocal space coverage will not be enough to achieve structure solution, unless the crystal system is of high symmetry. However, it is more than enough for unit-cell determination. The performed data collections reported on a Á exp versus Á dead plot (red spots). The parameter areas corresponding to automatic IEDT, PEDT and REDT data collection types are highlighted. Consequently, and before trying any automatic procedure, the stability of the tilt speed in the whole angular range of the goniometer was tested by collecting several data sets in different angular ranges of the goniometer using the ASTAR system and particularly the Stingray camera. The camera has been set up to a 512 Â 512 pixel resolution and the data were recorded with a quite small angular step (Á exp ' Á = 0.11 ) owing to the negligible readout time. This leads to a typical REDT data set. To probe the settings, the cubic Ca 12 Al 14 O 33 mayenite (a = 11.989 Å ) was measured Nicolopoulos et al., 2014) . The patterns were indexed through the ASTAR strategy by cross correlation with a generated bank based on the Ca 12 Al 14 O 33 crystal structure published by Sakakura et al. (2011) . The results allow us to follow the evolution of the crystal orientation with respect to the applied tilt by visualizing the variation of the crystallographic orientation in stereographic projection (Fig. 3 left) . By plotting the relative disorientation between the patterns with respect to the starting one, a perfect linear behavior is observed in any analyzed angular range, which attests the stability of the tilt speed (Fig. 3 right) . The stability of the rotation axis position can be checked by plotting in stereographic projection the poles of the rotation axes that connect the crystallographic orientation of each pattern to the initial crystallographic orientation. The poles plot on superimposed positions on the external circle of the stereographic projection, indicating that the tilt axis lies on the horizontal plane and is constant during tilt. In order to show that a fully automatic data collection in a limited angular range is suitable for the unitcell determination, we collected several data sets on crystals belonging to different crystal systems. The patterns were recorded with the TRS CCD camera operating in image series mode, while the crystal was rotating at the minimum tilt speed and without any crystal tracking. All the data collections were performed with a tilt range between 30 and 40 using mainly REDT mode. The results of the unitcell determinations are reported in Table 2 . The unit-cell parameters have been determined with a precision of better than 1% in the lattice parameters a, b and c (except for the triclinic crystal where the error is around 2%) and of better than 1 in the lattice angles (1.3 in the case of the triclinic crystal). For comparing the different data collection modalities, both Ca 12 Al 14 O 33 and MgMoO 4 were also analyzed using IEDT and PEDT (1 precession semi-angle) procedures on the same crystals. REDT and IEDT have a similar precision, while the angles derived from PEDT are less accurate, with, however, a maximum error lower than 2 . This can be expected, since the positions of the spots in each pattern have a certain imprecision in the vertical direction due to the precession movement. A similar inaccuracy is present also in the IEDT data collection, but the latter is collected with an integration angle Á exp ' 1 , which is half the corresponding integration obtained in PEDT with a 1 semi-angle. Although our final goal is the structure determination, it is worth mentioning that the present automatic data collection can be a powerful tool for recognizing which crystal phases are present in a multiphase sample. This is possible because the data collection is quite fast, 40 of tilt can be collected in 140 s, and several crystals can be investigated in a reasonable amount of time. As an example a set of crystals whose crystal phase has been determined by applying a fast diffraction tomography technique is displayed in Fig. 4 , together with the reciprocal space reconstruction of two of them. The complete set of data, consisting of data collections on five different crystals, was collected in less than 30 min.
Long data collection for structure determination
A data collection for structure determination requires a tilt range larger than 40 . In the TEM instrument used here the goniometer stability can be extended beyond this angular range if a single tilt holder is used. With this sample holder at the eucentric height the crystal movement for a tilt of 60-80 centered around the central goniometer position (0 ) varies between 500 nm and 1 mm, while beyond 80 the movement increases and becomes irregular. Therefore if the crystal is not bent and has a uniform thickness over this distance, an automatic fast data collection suitable for structure solution can be applied. The crystals of synthetic MgMoO 4 are ideal for a test of this automatic method. They exhibit thin areas of several hundred nanometres, and it is not completely trivial to determine the crystal structure with a data set having an incomplete reciprocal space coverage, since the structure has low symmetry (monoclinic) and nine atoms in the asymmetric Figure 5
Three consecutive patterns of REDT, IEDT and PEDT data collections all taken on the same MgMoO 4 crystal. The starting patterns of the different data collections correspond to the same crystal orientation. In all the patterns the central beam is masked by the beam stop. For clarity its position is indicated by a red disc.
camera have been applied to the same crystal: i.e. REDT, PEDT and IEDT. The details of each data collection are reported in Table 3 . In particular, it may be noticed that all series were acquired in less than 6 min. A comparison of three consecutive patterns for each data collection type is shown in Fig. 5 . The first pattern of each data collection type corresponds to the same crystallographic orientation. The reciprocal space integration performed by IEDT and PEDT data collection types results in a higher number of reflections visible in each pattern compared to REDT. With all the REDT, IEDT and PEDT data sets, the structure was solved with the direct methods software SIR2011 (Burla et al., 2012) . The positions of all atoms were correctly determined. The average shifts of the atomic positions with respect to the published structure are quite similar and range from 0.04 Å for PEDT, to 0.06 Å for IEDT and to 0.08 Å for REDT (see Table 4 ). In terms of labeling, the proportionality between the height of the maxima in the reconstructed electron density and the atomic number of the corresponding atoms is retained and therefore the atomic species can be correctly assigned. The presence of wrong atomic positions among the first nine atomic peaks arises only in the IEDT data collection, in which the last O position corresponds to the tenth peak, while the ninth peak is a spurious one.
The quality of all structure solutions in terms of both reconstructed electron density and precision in the atomic positions confirms that a fully automatic fast EDT data collection, in which the data are collected in less than 5 min and in which the crystal is exposed to a much lower electron dose compared to semi-automatic data collection, is achievable.
R sym , the agreement factor calculated by comparing the intensities of symmetry-equivalent reflections, and the final R val given by SIR2011 show that the REDT provides the poorest results among the three methods. This has two possible causes: (i) the angular step, 0.3 , is too large to properly sample the reciprocal space and the exact Bragg condition for some reflections can be missed (the angle Table 4 Atomic positions of MgMoO 4 derived by direct methods from the four data sets reported in Table 3 .
As a reference the coordinates derived with X-ray diffraction by Bakakin et al. (1982) are also reported. Á is the shift between the published positions and those derived in this paper with electron diffraction. Table 3 Parameters of the data collections used for structure solution.
PEDTwt corresponds to the PEDT data collection in which we tracked the crystal by moving the beam with the ASTAR system. In the last three rows the positions in the list of the electron density maxima corresponding to the correct Mo, Mg and O atomic positions are displayed. The maxima in the list are ordered according to the height of the electron density peak. Therefore, if the electron density is reconstructed properly by the phasing procedure, the heavy atoms should come before the light ones. -8, 10 5-9 4, 6, 8, 10, 16 reported in the literature for successful structure solution is 0.1 ); (ii) to obtain data with such an angular resolution a short exposure time is required (0.1 s), and therefore the weak spots cannot be properly recorded. Nevertheless the obtained data sets demonstrate that all three data collection modalities are adequate for crystal structure solution. Obtaining reliable REDT or IEDT data is a challenging task with our instrument, owing to the unconventional CCD configuration required. In both data collection types the CCD detector works in binning 4 mode in order to minimize the readout time. In REDT the exposure should be short to assure a small angle between the patterns, and therefore the data are quite noisy. Conversely, in IEDT the exposure time must be extended (3-4 s) to integrate the reciprocal space during the exposure and it is difficult to set up the proper illumination to avoid saturation of strong peaks and to obtain a proper signal from the weak ones.
REDT IEDT PEDT

Automatic crystal tracking
The data collection procedures described in the previous section share the characteristic that the crystal remains under the beam during tilting, independently of its crystal size and form. However, this is not always the case, especially for larger tilt range, as discussed in x3.2. Therefore, if we want to carry out data collections with a larger angular range in a short acquisition time, a new procedure to track the crystal movement has to be developed, which must be independent of instabilities of the goniometer and of the sample holder. Furthermore, the tracking must be completely automatic and should be performed during the crystal rotation. During the development of the method a crucial observation was made. If the holder is shifted a few micrometres away (2-5 mm) from the correct eucentric height the crystal moves along a regular line during the crystal tilt, and this movement is uniform in an angular range of 80 around the central goniometer position, with an acceleration in the first and last 20 of the 120 total tilt allowed by the goniometer. The ASTAR system was used to generate a beam displacement that tracks this movement. The ASTAR system can be programmed to scan the beam on a line of a certain length with predefined step size, for example a total displacement of 2 mm through successive 1 nm steps. The required time between the steps (step time) can be set from a few milliseconds to seconds. By combining the step width with the step time the beam can be moved by ASTAR along the line at any desired speed that, in the case of 120 tilt, is between 10 and 20 nm s À1 . By synchronizing the linear scanning speed with the crystal movement during tilt it has been possible to track automatically a crystal for a tilt of 92 , whereas without the tracking the maximum tilt range achievable was around 40
. While the crystal was tilted and tracked, the patterns were recorded by the TRS CCD camera in image series mode. Details of the data collection are reported in the last column of Table 3 . The intensities extracted form the data acquired with this method were analyzed with SIR2011 to provide the correct structure solution (Table 4 ). The quality of the structure solution is worse than in the cases without tracking. The correct solution is not the best solution proposed by SIR2011 in terms of R val, but the second one in the list, and two of the correct oxygen positions are not among the first maxima of the electron density. However, with some minimum chemical knowledge the structural model can be easily retrieved. In terms of precision in locating the atoms, on average the solution is similar to the previous ones, except for one oxygen position (O5) which shows a larger shift of 0.28 Å from the correct position. The worsening of the structure solution could be ascribed to a small wandering of the beam over the crystal. If during this movement the beam illuminates areas of different thickness and orientation, the quality of the intensities degrades, as proved by a worse R sym (I).
Conclusions
The results demonstrate that a fast and fully automatic EDT data collection can be carried out with a continuous goniometer rotation when the crystal movement is limited. Alternatively, the crystal movement can be followed by a linear beam scan along the crystal movement direction. The quality of the data obtained by fast REDT, PEDT and IEDT acquisitions is sufficient for solving the structure with an ab initio approach such as direct methods. The data acquisition time is reduced to 4-6 min, while conventional tomography techniques on the same microscope require 40-90 min (10 to 20 times faster). Very recent papers demonstrate that with a similar data collection strategy (IEDT like) even very complicated and highly beam-sensitive structures like lyzosyme or cathalase proteins can be solved using molecular replacement methods (Nannenga, Shi, Leslie & Gonen, 2014; Nannenga, Shi, Hattne et al., 2014) . The fact that the crystal structure of MgMoO 4 could be solved with either REDT, IEDT or PEDT data collection types demonstrates that the key factor that makes EDT data suitable for a kinematical structure solution approach is the integration of the diffracted intensities over the excitation error. In case of the REDT procedure this is performed via software by summing the intensities of the same reflection over several patterns, while in IEDT and PEDT it is obtained by the combination of software integration and direct integration with the detector through sample rotation or precession movement of the beam, respectively.
The realization of an automatic procedure for EDT data collection effective for beam-sensitive materials relies on two main pillars: it requires a stable goniometer/sample holder system and a very flexible and sensitive detector. The stability of the goniometer/sample holder system is an issue for a large coverage of reciprocal space without the need of merging different data sets, each collected with a limited angular range. We have proposed an alternative way for an automatic crystal tracking in case the crystal movement during goniometer tilting can not be minimized. However, an irregular and not reproducible behavior of the goniometer cannot be overcome.
Unfortunately the major developments of transmission electron microscopy have been focused mainly on imaging, having left diffraction in the shadows, and no specific opti-mization of the goniometer has been carried out. With stable goniometers the data collection time can definitely be reduced further beyond 1 min since the tilt speed used here is the slowest available on the instrument. The data collection times of a few minutes are comparable to those for synchrotron single-crystal diffraction experiments.
The detector quality is another critical point. Our results show that in order to obtain reliable IEDT or REDT data the readout time should be minimized, otherwise some reflections will not be properly integrated over the excitation error. PEDT is a little more robust with respect to slow detectors. Since the integration of reciprocal space is guaranteed by the precession movement, a suitable data collection requires a snapshot every 1 , which means one pattern every 3 s at our tilting speed, a rate covered by every CCD camera without the need of binning. The demands of the market for live imaging of fast phenomena, like in situ reactions, has pushed the last CCD camera generation to be very fast, up to several hundred frames per second in the most binned mode. Therefore the method proposed here can be easily implemented in the newest TEM setups, provided that the goniometer is stable.
Not only the speed but also the sensitivity of the detector is an issue. A very sensitive detector allows data collection with low illumination or faster tilt speed with a consequent lower electron dose for the sample, which is mandatory in the case of very beam-sensitive materials. Direct electron detection cameras are a possible answer to this problem, but most of them are not robust enough to be used for diffraction. New detectors having similar characteristics, which are also beam resistant, appeared very recently (Nederlof et al., 2013) on the scene, opening the possibility to extend the method here presented to new classes of beam-sensitive organic and inorganic materials.
We believe that the great success obtained by electron diffraction in solving unknown crystal structures and the big effort in improving the kinematical character of electron diffraction by precession pave the way for a new class of instruments, which are more focused on electron diffraction than on imaging: the whole field of electron crystallography would benefit from a transmission electron microscope specifically designed as an electron diffractometer.
